Abstract. Spore-forming bacteria from New Zealand soils were evaluated for the biological control of pea root rot caused by Aphanomyces euteiches. In dual-culture assays, 31 of 704 bacterial isolates completely suppressed mycelial growth of the pathogen. Seven isolates (strains of Bacillus and Paenibacillus), that suppressed zoospore germination and germ-tube growth and five other bacterial isolates previously characterised as suppressive to A. euteiches, were tested in a glasshouse assay for disease suppression. One isolate each of B. pumilus, B. subtilis, B. cereus, B. mycoides and two isolates of P. polymyxa, reduced root rot and oospore formation within pea tissue, and were selected for further assessment. B. mycoides MW27 reduced oospore formation in pea roots by 83% (P < 0.05). In a field experiment, each of the six bacterial isolates reduced root rot, but not at statistically significant levels. The results were confounded by a high incidence of other root rotting fungi, particularly pathogenic Fusarium spp. A second field site with a disease complex predominantly based on A. euteiches was selected for a subsequent trial. In this case, prill, granule and seed coat formulations of Bacillus mycoides MW27 were tested. The seed coat formulation increased plot stand (P < 0.05) by approximately 9%, whilst the prill formulation increased yields per plot (P < 0.05) by approximately 17%.
Introduction
Aphanomyces euteiches is pathogenic to the roots of many leguminous plant species (Chan and Close 1987) , particularly peas (Pisum sativum) on which it causes a destructive root-rot disease (Aphanomyces or common rootrot). The disease is initiated in saturated soil conditions when the oomycete infects roots via zoospores. Following infection, honey coloured lesions which can progress into a severe rot develop on the roots. The disease often occurs as a complex involving other root-rotting fungi (Tu 1987; Oyarzun and Van Loon 1989) . Due to a lack of chemical fungicides effective against A. euteiches and lack of host resistance, disease avoidance is the only control option (Pfender 1984) . Thus, soils are tested (indexed) for the amount of A. euteiches, and fields with a moderate to high disease risk score are avoided. A. euteiches oospores can survive in soil for 10 years or more (Papavizas and Ayers 1974) and it may take many years before soils are safe for legume crops.
In New Zealand, peas are often integral to crop rotations, serving as a disease break crop between cereals whilst maintaining soil fertility (White 1987) . The removal of peas from the crop rotation cycle, therefore, has implications for sustainability and productivity in addition to the commercial value of the pea crop.
Soils naturally suppressive to A. euteiches, where disease development is inhibited despite the presence of the pathogen, have been reported in New Zealand (Wakelin et al. 1998) and in other countries (Worku and Gerhardson 1996) . In several studies, biological factors have been identified as the basis for suppression (Parke 1986; Worku and Gerhardson 1996; Oyarzun et al. 1998) . Furthermore, antagonistic bacteria such as Pseudomonas fluorescens and Burkholderia cepacia appear to have disease control potential (Parke et al. 1991; Bowers and Parke 1993) . These findings suggest the possibility of controlling Aphanomyces root rot through biological suppression.
Spore-forming bacteria are being increasingly selected as candidates for biological control. They are antagonistic to a wide range of plant pathogenic fungi and Oomycetes (Capper and Campbell 1986; Berger et al. 1996) , and possess characteristics suitable for the commercial development of biological control agents (Weller 1998) . This paper describes the selection of antagonistic spore-forming bacteria by in vitro assays and subsequent testing for biological control activity in glasshouse and field experiments in New Zealand.
Methods

Isolation of spore-forming bacteria
Spore-forming bacteria were isolated directly from soils that had been characterised as suppressive or non-suppressive to A. euteiches (Wakelin et al. 1998) , and from pea rhizosphere soil. For isolations directly from soils, 0.5 g of each soil sample was suspended in 10 mL sterile water, heated to 80°C for 20 min to destroy vegetative cells (Priest 1989) , shaken on a wrist-action shaker for 30 min and a dilution series set up in potassium-phosphate buffered saline (PBS; pH 7.0 ± 0.2, 0.7% NaCl). For isolations from pea rhizosphere soil, pea plants were grown in a glasshouse in pots containing a field soil (silt loam; Lincoln, NZ) in which peas had previously been cropped. After 4 weeks, the roots were recovered and washed under running water for 1 min. The upper and lower halves of the root systems were transferred to Universal bottles containing 10 mL of PBS and rapidly shaken for 10 min on a wrist-action shaker. Samples were heated to destroy vegetative cells and serial dilutions made as before. Bacteria were recovered from serial dilutions by pipetting 50 μL aliquots of each suspension onto nutrient agar (NA; Merck) plates and incubating at 20°C. Colonies arising on the Petri plates were purified on fresh NA plates.
Isolation of A. euteiches
A. euteiches was isolated from infected plants grown in soil from the pea disease-indexing unit, Ministry of Agriculture and Forestry, Lincoln. Isolations were made as described by Parke and Grau (1992) , except that the isolation medium, corn-meal agar, was amended with metalaxyl only. Isolates were identified as A. euteiches according to the key of Scott (1961) .
Inhibition of A. euteiches mycelial growth
Bacterial isolates were tested for their effects on mycelial growth of A. euteiches in dual-culture assays. Each bacterial isolate was inoculated at four replicate points on the periphery of a potato-dextrose agar plate (PDA; Gibco) and a 5-mm-diameter inoculum disc of A. euteiches placed in the centre. After 5 days in the dark at 23°C, growth inhibition of the pathogen (no growth past the edge of the bacterial colony) was assessed for each bacterial isolate.
Inhibition of A. euteiches zoospores
Bacterial isolates that inhibited mycelial growth of A. euteiches were assayed for inhibition of zoospore germination and germ tube growth. Bacteria were grown overnight at 30°C in 10 mL of nutrient broth (NB; Gibco) and diluted to 10 -2 in NB. For both concentrations (stock and 10 -2 ), 0.1 mL drops were spread across the surface of two PDA plates. After 4 h, 0.75 mL of A. euteiches zoospore suspension (1 × 10 4 zoospores/mL), produced using the method of Kraft et al. (1994) , were pipetted onto each Petri plate and spread over the agar surface. Control treatments comprised (1) 0.1 mL of NB + zoospores, (2) 0.1 mL of NB with no zoospores, and (3) 0.1 mL sterile water + zoospores. After 3 days growth in the dark at 23°C, Petri plates were examined for germination of zoospores. Four fields of view for each plate were scored for fungal growth on the following scale: 0 = no zoospore germination or hyphal growth; 1 = few spores germinated with sparse mycelial growth; 2 = approximately one-third of the zoospores germinated and light mycelial growth; 3 = approximately two-thirds of the zoospores germinated and moderate hyphal growth; and 4 = nearly all zoospores germinated with heavy mycelial growth. A total score out of a maximum of 32 (2 plates × 4 observations × maximum score of 4 for each observation), was calculated for both dilution-rates of each treatment.
Identification of antagonistic bacteria
The 12 bacterial isolates that were selected for evaluation in the glasshouse assays [isolates 15·80, 18·25, 18·94, PT1, PT10, PT69, PB45 from this work and isolates MW9B, MW10, MW12, MW18 and MW27 from previous work (Wakelin et al. 1998) ] were characterised. Each isolate was Gram-typed using the 3% KOH method of Gregersen (1978) and examined microscopically for vegetative cell shape following staining with Safranin red. Endospore production was determined by staining with Malachite green (Priest 1989) .
Bacterial isolates MW10, MW12, MW18, MW27, 15·80, 18·25, 18·94, PT1, PT10 and PT69 were identified to species level based on differential carbohydrate fermentation profiles (API rapid 50 CHB microtubule system; bioMérieux) according to the manufacturers' instructions.
Glasshouse experiment
Soil was collected from random positions in a field infested with A. euteiches at Lincoln (The Horticulture and Food Research Institute of NZ Ltd experimental farm, Lincoln; Chapman's block). The soil samples were mixed, air-dried, and passed through a 3-mm-mesh sieve to remove coarse debris. The soil was mixed 4:6 (v/v) with potting mixture (SouthHort), containing neither fertiliser nor fungicides. The soil mixture was then used to fill plastic planter bags (PB¾), perforated at the base to allow water access. Each bag was transferred to a plastic container (16 cm × 16 cm × 10 cm deep).
Endospore-containing cultures (Priest 1989 ) of selected bacterial isolates were used to coat pea seeds. For each isolate, the bacterial growth was scraped from five Petri plates and suspended in 10 mL PBS, pelleted by centrifugation for 20 min at 16 000 g, re-suspended into 5 mL of fresh PBS and the suspension thickened with 0.1 g of methylcellulose (BDH). Thirty-six surface-disinfested (0.5% NaOCl for 2 min) pea seeds (cv. Whero) were placed into each bottle and thoroughly mixed in the suspension. The seeds and suspensions were transferred to Petri plates lined with Whatman No.1 filter paper and dried overnight in a laminar-flow cabinet.
The following treatments were applied to surface-disinfested pea seeds; fungicides Apron C70SD (350 g/kg metalaxyl and 350 g/kg captan; Ciba-Geigy) and Tachigaren (hydroxyisoxazole; Sankyo Co. Ltd) at 2 and 5 g/kg, respectively, and Kodiak (Bacillus subtilis GB03; Gustafson Inc.) at 2 g/kg. Nil-treated seeds, i.e. seeds that were surface disinfested only, served as a control treatment.
The number of bacterial colony forming units (cfu) per seed was determined for all treatments by washing five seeds in a Universal bottle containing 10 mL PBS amended with Tween 80 at two drops/L. After standing for 1 h to allow softening of the methyl-cellulose seed coating, the bottles were shaken for 2 min to suspend the bacterial cells. Serial dilutions were made and suspensions plated onto NA.
Because a large number of bacterial isolates was tested, the glasshouse trial was split into two parts (Table 1) . In a randomised complete block design, each treatment was randomly represented once, as a planter bag containing five treated pea seeds, in each of five blocks. The pots were kept moist for the first 3 weeks after planting and kept saturated for a further 2 weeks after which the pea plants were removed from the bags and assessed for disease. The roots were washed free of adhering soil and potting mix and the symptoms scored on a 0-4 scale: 0 = no symptoms-roots healthy and white; 1 = initial symptoms of root rot disease-light tan colored discoloration of sections of the root system; 2 = discoloration of most or all of the root system, usually of a tan color, with many small watery lesions present on the root or around the hypocotyl / epicotyl regions; 3 = dwarfing of the plant and yellowing of the lower leaves with extensive discoloration of the root system and lesion formation; 4 = root system entirely rotted / plant dead.
For each plant, fresh root weights were recorded. The total root tissue for each treatment replicate was then combined and blended together. A 1 g sample was comminuted in 10 mL of sterile water with an Ultra-turrax probe macerator and the number of oospores in the slurry counted with a haemocytometer. Twenty counts were made per sample.
Field experiments
In Trial 1, conducted at Lincoln University in 1999, selected antagonistic bacteria (B. pumilus PT10, B. subtilis PT69, B. cereus 15·80, B. mycoides MW27, P. polymyxa 18·25 and P. polymyxa 18·94) were assessed for their capacity to control root rot. The bacterial isolates were applied to pea seeds as in the glasshouse trial, except that inoculum of each bacterial isolate from six Petri plates was used to treat 155 surface-disinfested pea seeds (cv. Whero). Trial 2, conducted on a farm in Mid Canterbury in the 2000-2001 growing season, evaluated various formulations of B. mycoides MW27 on plant growth. A formulation was prepared at Lincoln University using a seed-coating method. Bacterial growth from 30 agar cultures was harvested (as before), but following centrifugation the cells were freeze-dried and ground into a powder using a pestle and mortar. The bacterial powder was mixed with 20% (w/w) of a carrier consisting of 8 : 1 : 1 of CaCO 3 : methylcellulose : glucose and applied to surface-disinfested pea seed (cv. Dwarf Massey). Seed coat, prill and granule formulations of B. mycoides MW27 were also prepared by AgResearch New Zealand Ltd (AgResearch), Lincoln. In this case, the bacterial growth from 14-day-old cultures (as before) was scraped into 10 mL of PBS. This suspension was then used to inoculate six 2 L conical flasks, each containing 500 mL of NB. After 2 weeks stationary incubation at 27°C in the dark, the bacterial growth was concentrated by centrifugation (4500 g for 45 min). The concentrate, containing 2 × 10 8 cfu/mL, was then supplied to AgResearch for formulation. The prills and granules containing B. mycoides MW27 were applied at planting by placing 0.1 g of either formulation in the planting hole immediately below a surface-disinfested pea seed.
Nil (surface disinfested only) and fungicide (Apron C70SD) treatments were included in both trials, and Kodiak was included as a biological control standard in the first trial. For all treatments, the number of bacterial cfu/seed was determined as described before. Each trial was set up using a complete randomised block design with four replicates in Trial 1 and five in Trial 2. Each plot consisted of 36 pea seeds, planted in a 6 × 6 pattern with a 10 cm space between plants and 40 cm between treatments. Seeds were planted at a depth of 5 cm. Replicates and treatments occurred once in each block.
In Trial 1, Alto 100SL (cyproconazole 100 g/L; Sandoz) was applied approximately 5 weeks after planting to control powdery mildew (caused by Erysiphe pisi). In Trial 2, Gallant (100 g/L haloxyfop; DowElanco) was sprayed over the trial site 3 weeks after planting to control grass weeds and MCPB (phenoxy butyric 385 g/L; DowElanco) sprayed 6 weeks after planting to control broad-leaf weeds. Netting was erected to protect plants from animal damage. Mesurol (20 g/kg methiocarb; Bayer NZ Ltd) was used to control slugs.
The emergence (percentage plant stand) of seedlings was recorded 3 weeks after planting in both trials. Plants were recovered for assessment after 9 weeks (Trial 1) or 12 weeks (Trial 2). For Trial 1, the roots of 20 plants per treatment replicate were washed and scored for root rot disease as before. For Trial 2, measurements of plant height, number of pods per plant and yield of pods per plant were taken from 20 plants in each replicate. Isolations of fungi were made from sections of diseased pea roots as described for isolation of A. euteiches.
Data analysis
As the purpose of the glasshouse trial was to identify bacteria with possible biological control efficacy, statistical tests based on minimising the risk of incorrectly determining that a treatment was no different from the control were employed. For root weight and oospore numbers, pair-wise comparisons were made between the nil-treatment and each other treatment using the LSD value at α = 0.05. For assessments of pea root rot disease (glasshouse and field Trial 1), median disease scores were used to make pair-wise comparisons between controls and treatments using the Mann-Whitney U-test. For all other field data, ANOVA was initially used to determine whether treatments had significant effects. Duncans Multiple Range test was then used to separate treatment means. All data analysis was carried out using the SAS computer package.
Results
Bacterial isolations from soil and rhizosphere
A total of 558 bacterial isolates was recovered from the various bulk soil samples and 146 from the pea rhizosphere soil samples. When assayed in dual culture against A. euteiches, three isolates originating from the bulk soil samples (15·80, 18·25 and 18·94), and 28 isolates from the pea rhizosphere soil samples (PB isolates 1, 16, 20, 26, 27, 30, 31, 34, 43, 45, 47, 53, 65, 67, 68 and 71, and PT isolates 1, 2, 4, 5, 9, 10, 17, 26, 27, 45, 58 and 69) were found to be inhibitory.
Inhibition of A. euteiches zoospores
All 31 of the effective isolates (above) reduced zoospore germination and hyphal growth (data not shown). Seven isolates (15·80, 18·25, 18·25, PB45, PT1, PT10 and PT69) were inhibitory by 50% or more relative to the control treatments (i.e. total inhibition score ≤ 16). The NB control did not affect zoospore germination or subsequent mycelial growth.
Identification of antagonistic bacteria
All bacterial isolates tested, with the exception of MW9B, were Gram-positive, endospore-forming rods, capable of aerobic growth. As such, they were tentatively identified as Bacillus spp. (Claus and Berkeley 1984) . Isolate MW9B was a Gram-negative, non-endospore forming, rod-shaped bacterium and was not further characterised. The carbohydrate fermentation profiles of ten selected bacteria were matched to the most likely bacterial species. Isolates MW10 and 15·80 were identified as B. cereus; MW12, MW18 and PT10 as B. pumilus; MW27 as B. mycoides; 18·25 and 18·94 as Paenibacillus polymyxa; PT69 as B. subtilis and PT1 as P. macerans.
Glasshouse experiment
In Assay 1, pea seed treatments had no effect (P > 0.05) on the root disease scores in comparison with the nil-treatment (Table 1) . In Assay 2, however, B. pumilus MW18, Kodiak and Apron C70SD reduced the median root rot (P < 0.05) compared with the non-treated plants (Table 1) . Although B. mycoides MW27 and B. pumilus MW12 reduced disease to levels equivalent to that of B. pumilus MW18, Kodiak and Apron C70SD, they were not found to be significant as a result of the data analysis performed on the median disease values. Root weight was not affected (P > 0.05) by the bacterial seed treatments but was significantly increased by Apron C70SD treatment in both glasshouse assays, and by treatment with Tachigaren in Assay 2.
There was a wide variation in the numbers of oospores per gram of root tissue over the treatments (Table 1) . B. mycoides MW27 was the only bacterium that significantly reduced (P < 0.05) build up of oospores in plant roots. Although six other bacterial treatments reduced oospore numbers to less than half of that in the nil-treatment, these reductions were not significant due to the high statistical variation. Apron C70SD effectively reduced root rot symptoms and increased root weight, but had no effect on oospore numbers. A. euteiches was consistently isolated from infected pea roots (despite treatment). In addition, numerous isolates of Fusarium spp. were recovered, most commonly F. oxysporum and F. solani.
Field experiments -Trial 1
The percentage plant stand was high (97% in the niltreatment) and varied little between treatments. Although all bacterial isolates reduced the median root rot scores relative to the nil-treatment, the effects were not statistically significant. Fusarium spp. accounted for over 90% of the fungi isolated from diseased root segments. A. euteiches was isolated infrequently, thus indicating that the disease pressure was predominantly from Fusarium spp. with a small A. euteiches component. A field site with lower levels of pathogenic Fusarium spp. (data not shown) was selected for the subsequent trial.
Field experiments -Trial 2
Periods of high rainfall immediately following sowing and then throughout seedling establishment initiated a damping-off disease that reduced percentage plot stand (Table 2) . Plots in which pea seed had been treated with Apron C70SD or B. mycoides MW27 in a seed coat formulation (AgResearch) had a greater plot stand (92.7% and 86.1%, respectively; P < 0.01) than plants in the niltreated plots (77.2%) ( Table 2 ). Other formulations of B. mycoides MW27 did not affect plot stand. Percentage plot stand was not correlated to plant yield, pod number per plant or plant length (P > 0.05).
Plant yield was affected by a disease distinct from that which affected the percentage plot stand. The yield of pods per plant was greater (P < 0.05) in treatments receiving the prill formulation of B. mycoides MW27 (16.86 g/plant) and Apron C70SD (15.07 g/plant) than non-treated plants (14.37 g/plant) (Table 2), whereas treatment with B. mycoides MW27 in a seed coat formulation (Lincoln) reduced plant yield (11.83 g/plant; P < 0.05). The yield increase observed with the B. mycoides MW27 prill treatment was correlated with an increase in the number of pods per plant (P < 0.05) ( Table 2) . A. euteiches was isolated from approximately half of the sections of diseased pea roots (despite treatment). Other fungi were isolated, but at a lower frequency than for the previous field or glasshouse trials.
Discussion
This study investigated the potential for biological control of Aphanomyces root rot using spore-forming bacteria. Samples of rhizosphere and non-rhizosphere soils were rich in spore-forming bacteria. A small percentage (4.4%) of the bacteria isolated were found to be antagonistic towards A. euteiches, inhibiting the mycelial growth of the pathogen in dual-culture assays. Bacterial isolates that suppressed mycelial growth were further screened for inhibition of zoospore germination and germ-tube growth, as isolates exhibiting dual-modes of pathogen suppression in vitro were considered to have a greater chance of suppressing the pathogen in vivo. Furthermore, the main mycelial-growth phase of the pathogen occurs post-infection (i.e. within the root tissue), with the zoospore being the infective propagule (Papavizas and Ayers 1974) . Suppression of the zoosporic phase (germination or germtube growth) is, therefore, more likely to result in disease control than suppression of mycelial growth.
In the glasshouse trials, the root-rot scoring system was found to be ineffective for measuring the amount of root disease caused by A. euteiches. Primarily, this was due to the presence of other pathogenic fungi, mostly Fusarium spp., in the soil mixture used. Multiple pathogens will often act together as a disease complex on pea roots (Tu 1987; Oyarzun and Van Loon 1989) . Under these circumstances, which more closely resemble that which occurs in situ, it is difficult to distinguish the relative contribution of individual pathogens.
Oospore formation within root tissue has previously been closely associated with Aphanomyces-disease symptoms (Kjøller and Rosendahl 1998) and was considered a more accurate measure of the degree of colonisation of the root tissue by A. euteiches. In the glasshouse assay, only B. mycoides MW27 was able to reduce the numbers of oospores in root tissue. Since the numbers of oospores in the soil is known to be directly related to the disease potential of a field (Reiling and King 1960) , and it has been shown that the inoculum in the field declines slowly (Papavizas and Ayers 1974) , reduction in inoculum (oospores) is critical to management of the disease. The use of B. mycoides MW27 may, therefore, have potential for disease management. Apron C70SD reduced root disease symptoms and increased root weight in the glasshouse trial. However, as the chemical components of the product, metalaxyl and Captan, are ineffective against A. euteiches, it was concluded that disease control must have occurred through control of pathogens other than A. euteiches. Apron C70SD had no effect on oospore populations in pea root tissue and when isolations of fungi were made from diseased root tissue (nil-treatment), a number of other pathogenic fungi were found to be present. In the second field trial, plants in the Apron C70SD treatment had the highest percentage stand. The efficacy of the fungicide in this instance probably related to effective control of damping-off pathogens (e.g. Pythium spp.), for which it is recommended.
Tachigaren has been found to have variable success at controlling Aphanomyces root rot (Jermyn et al. 1982; Gritton et al. 1995) . In the glasshouse trial, the chemical had no effect on the build up of the oospores of A. euteiches in pea root tissue, nor on the severity of root rot symptoms. In one assay however, the fungicide increased root weight relative to the nil-treatment.
In the first field trial, dry weather hindered disease development and therefore did not allow the bacterial isolates to express their potential biocontrol activity. In addition, the method of assessing root disease levels was not sensitive enough to separate treatment effects. This was partly due to the disease scoring system that produces noncontinuous data that must be analysed using non-parametric techniques. These problems were overcome in the second trial where moist soil conditions increased disease pressure, and yield data, rather than root disease symptoms, were used for analysis of treatment effects.
In the second field trial, B. mycoides MW27 showed promise as a biological control agent. The AgResearch seed coat formulation of B. mycoides MW27 increased plot stand by approximately 9% (P < 0.05), but had no effect on plant yield. Conversely, it was found that when placed beneath a seed in a prill formulation, B. mycoides MW27 increased plant yield by approximately 17%, but did not affect plot stand. Two other formulations of the same bacterium, the granule and Lincoln seed coat formulations were ineffective. These results demonstrate the necessity for correct formulation and delivery of biological control agents when targeting specific root pathogens. They suggest that the seed coat formulation was well placed for reducing diseases occurring in the spermosphere, whereas bacteria in the prill formulation, placed beneath the seed in the planting hole, were in a better position to colonise portions of the rhizosphere. Furthermore, there is great potential for advances in formulation technology to improve the efficacy of biological control agents. Advantages may be gained through increased shelf life, modification of local conditions to suit growth (pH, substrate provision etc.) and timing release to coincide with suitable soil moisture or temperature levels.
Various strains of B. mycoides have demonstrated diseasecontrol activity against a range of root and foliar diseases, e.g. take-all disease of wheat (Capper and Campbell 1986) , damping-off caused by Pythium mamillatum and Fusarium wilt in cucumber seedlings (Paul et al. 1995; Hammad and El-Mohandes 1999) , rust (caused by Melampsora medusae) of Douglas fir (McBride 1969) , Alternaria helianthi on sunflower (Kong et al. 1997) and Botrytis cinerea on strawberry (Guetsky et al. 2001) .
Detailed studies of the general mechanisms of disease suppression by B. mycoides are lacking, but strains of the bacterium are known to inhibit a wide range of fungi and Oomycetes (Pandey et al. 1997) . Isolates of B. mycoides have been shown to inhibit spore germination (Kong et al. 1997; Guetsky 2001) and lyse hyphae or germ tubes (Kong et al. 1997) indicating that production of antibiotic compounds, toxins or cell wall-degrading enzymes may be of importance.
This work has established that Bacillus mycoides MW27 has potential for biological control agent of Aphanomyces root rot and damping-off diseases of peas.
